in the genomes of all eukaryotes tested, except yeast,
Here, we show that susceptible rar1 mutants are imand indirect evidence suggest that the highly variable paired in a biphasic H 2 O 2 accumulation and localized LRRs in both classes of R genes have a major role in cell death upon powdery mildew attack, suggesting a recognition of pathogen determinants encoded by cogsignaling function for Rar1 early in the resistance pathnate genes (Avr) in the pathogen (Parniske et al., 1997) .
way. Barley Rar1 has been isolated by map-based cloning. It encodes a novel protein containing two 60-amino acid (aa) cysteine-and histidine-rich domains, desig- Figures 1N and 1Q ). We infer that to two susceptible chemically induced allelic mutants, the host cell death response, triggered by fungal attack, rar1-1 and rar1-2. All three genotypes contain a wildappears to emanate in most cases from epidermal cells type allele of the resistance gene Mla-12 that triggers that have undergone an HR and spreads into subtending the resistance response upon challenge with fungal isomesophyll tissue. late A6, containing AvrMla-12. The disease phenotypes of rar1-1 can be discriminated from rar1-2 by fewer fungal mycelia, more sparse sporulation, and some neMap-Based Cloning of Rar1 crosis surrounding infection sites 5 to 6 days after pathoRar1 was physically delimited within a set of overlapping gen inoculation ( Figures 1A-1C Figures 1D-1F) . At 20 hr postinoculation, a brown-Y18R ( Figure 2C ). Next we initiated a search for candiish DAB precipitate filling the entire penetrated epiderdate genes in the contiguous 66 kb DNA stretch using mal cell became visible in the wild-type Rar1 cells, and the BLAST2 algorithm and available databases. We also most of the penetrated cells were darkly stained at 24 tested for intervals exhibiting extended high coding hr ( Figures 1G and 1J ). The number of cells exhibiting probabilities. ESTs exhibiting relatedness to three diswhole-cell DAB staining increased until approximately tinct regions representing the only predicted possible 36 hr after pathogen challenge. Whole-cell DAB polycoding stretches were identified. We designated these merization was detected only if the fungus had successintervals I1, I2, and I3 ( Figure 2C ). Intervals I1 and I2 fully penetrated into an epidermal cell and had initiated were similar to each other (59% nucleotide identity) and fungal haustorium differentiation ( Figure 1J ). We reto aquaporin genes. Interval I3 showed high sequence corded a significant reduction in whole-cell DAB staining similarity to a rice EST, C28356, and represented a third in both rar1-1 and rar1-2 genotypes (Rar1 had 163 coding region in the 66 kb stretch. stained cells/cm 2 ; rar1-1 had 54 cells/cm 2 and rar1-2, 61 cells/cm 2 , respectively; Figures 1G-1I) . Furthermore, unlike wild-type cells, most epidermal rar1-1 or rar1-2
Identification of Mutational Events in a Rar1
Candidate Gene cells containing haustoria lacked whole-cell DAB polymerization ( Figures 1K and 1L) . In contrast, all three We compared genomic DNA sequences from wild-type Rar1 and both rar1-1 and rar1-2, each covering intervals genotypes showed the same frequency of hydrogen peroxide accumulation at CWAs 24 hr postinoculation (Fig-I1, I2 , and I3. No sequence polymorphism between the three genotypes was detected for either of the intervals ures 1G-1I). Subcellularly confined DAB staining was also observed adjacent to sites of successful cell wall I1 or I2, each covering a length of 3 kb. However, unique genotypes rar1-1 and rar1-2, which lead either to protein or mRNA defects of a candidate gene in the physically delimited target interval, indicated that we isolated Rar1.
Rar1
Contains a Novel Eukaryotic Protein Domain: CHORD Analysis of the Rar1 protein sequence did not reveal any significant homologies to previously characterized proteins. However, a close inspection indicated the presence of two 60 aa long repeated motifs at the N and C terminus, comprising 51% of the predicted fulllength protein ( Figure 2E ). Inspection of EST databases uncovered a number of cDNAs from eukaryotic species sharing significant similarity to the 60 aa sequence blocks in barley Rar1. In addition, related sequences CHORD-II, respectively. Interestingly, the Cys24→Tyr Tyr substitution in the deduced 25.5 kDa candidate prosubstitution identified in barley mutant rar1-1 affects tein. In contrast, the G→A change identified in genotype one of the invariant cysteine residues in CHORD-I. rar1-2 affects an invariant nucleotide within the 3Ј splice Rar1 homologs were also isolated from diverse plant site consensus sequence of intron 2. The G nucleotide species; rice, maize, and Brassica (data not shown). of a 3Ј splice site consensus that borders introns is Sequence alignment of the predicted plant Rar1 proteins known to be essential for processing of primary mRNA revealed an additional highly conserved 20 aa sequence transcripts in both plant and other higher eukaryotic motif (95%-100% sequence identity), which is absent in species (Goodall and Filipowicz, 1991). First, we anaall tested nonplant species. We designated this stretch lyzed the steady-state mRNA levels of the candidate CCCH because it contains an additional set of three gene in wild-type Rar1 and mutant genotypes by RNA invariant cysteine and a histidine residue ( Figure 2E ). blots. A drastic reduction of transcript levels was obIn contrast, Drosophila, C. elegans, and human have served in genotype rar1-2 in comparison to rar1-1 and acquired a C-terminal extension adjacent to CHORD-II. Rar1 plants ( Figure 3A) . To reveal any processing efInterestingly, this C-terminal extension shares signififects, we analyzed mRNA species corresponding to the cant sequence similarity with Sgt1, which was recently candidate gene in genotype rar1-2 by RT-PCR. Seshown to be essential for activation/assembly of the quencing of 20 cloned cDNA products revealed two ubiquitin ligation machinery (SCF) and the kinetochore classes, one identical to the wild-type Rar1 cDNA and complex (CBF3) in yeast ( Figure 4C ; Kitagawa et al., another lacking 25 bp in exon 3 immediately down-1999). In C. elegans, this motif is present only in the stream of the G→A transition ( Figure 3B ). Inspection of CHORD-containing protein and the Sgt1 homolog. We genomic DNA revealed, within exon 3, a cryptic splice designated this motif CS after CHORD-containing prosite (AG) 25 bp downstream from the mutated 3Ј splice teins and Sgt1. consensus. The deletion in the cDNA of genotype rar1-2 thus alters the reading frame, which, in turn, leads to a truncation of the protein due to a stop codon within CHORD Binds Zn 2؉ Ions The striking conservation of cysteine and histidine resiexon 5. Thus, the splice site mutation in the candidate gene of mutant rar1-2 leads both to an aberrantly spliced dues within CHORD, in combination with the predicted intracellular location of the deduced protein, suggested transcript and a reduction of steady-state mRNA levels. In conclusion, the finding of two mutational events in that Rar1 may bind metal ions. To test this, we expressed Figure 7B) , and annot with its accumulation at CWAs, which contain arrested fungal penetration attempts. The two accumulaother 1% showed varying degrees of deformities. There were also more animals bursting at the vulva compared tion phases are separated by at least 5 hr. The second Mla-12-triggered and Rar1-dependent oxidative burst to F1 progeny of water-injected animals (data not 
